Abstract-This paper reports on the first low power (10.4 mW) and ultrasensitive linear Hall-effect integrated circuits (LHEICs) using GaAs-InGaAs-AlGaAs 2D electron gas technology. These LHEICs have a state-of-the-art sensitivity of 533 µV/µT and are capable of detecting magnetic fields as low as 177 nT (in a 10-Hz bandwidth), at frequencies from 500 Hz to 200 kHz. This provides at least an order of magnitude improvement in sensitivity and a factor of four improvements in detectability of small fields, compared with commercial Si linear Hall ICs.
I. INTRODUCTION
H ALL Effect integrated circuits are widely used in such diverse applications as automation, medical, electronic and electrical industries [1] . AC linear integrated circuits are most commonly employed in these applications and are used to detect AC magnetic fields and produce an output which is proportional to the strength of the detected magnetic field. Commercially available Hall Effect linear ICs are all based on silicon CMOS technology mainly due to their small dimension and low cost [2] - [5] . However, shortcomings of these ICs include low magnetic field sensitivity, limited operating frequency and temperature ranges and high power consumption. Due to the inherently poor silicon Hall sensor material properties, devices made of III-V semiconductors have attracted a great deal of interest by virtue of their high electron mobility combined with moderate sheet carrier densities, low temperature dependences of the output Hall voltage and large signal-to-noise ratios (S/N) [6] - [10] . However, the majority of this work to date has been concerned with single Hall elements with no reports of fully integrated Hall Effect circuit using the III-V semiconductors apart from [11] - [13] describing a hybrid circuit using ion implanted GaAs for which the performances were less than ideal due to the difficulties of the technologies used at the time. At present, the most sensitive commercial linear Hall integrated circuits (based on silicon) are made by Allegro (A1324), Melexis (MLX90242) and Honeywell (SS39ET). These have sensitivities of 50 mV/mT, 39 mV/mT and 14 mV/mT respectively and are capable of detecting magnetic fields as low as 864 nT, 6500 nT and 652 nT respectively in a 10 Hz bandwidth. These ICs also have a maximum cut off frequency of 10 kHz and a minimum power consumption of 12.5 mW from a 5 V supply [14] - [16] largely as a result of the on-board offset cancellation circuitry. In order to provide a higher sensitivity, lower field detectability and wider operating frequency range, a new type of linear integrated circuit has been developed in this work and which utilises a two Dimensional Electron Gas (2DEG) system. The high electron mobility and the moderate sheet carrier densities permit both magnetic and circuit functionalities [17] . This integrated Hall IC is based on the GaAs-InGaAs-AlGaAs system, which is a relatively mature technology enabling accurate modelling and simulation of transistors for the development of Process Development Kits (PDK). All circuit elements required for successful integration, have been developed in this work culminating in the design and fabrication of low power linear integrated Hall ICs with unprecedented sensitivities.
II. MATERIAL GROWTH AND FABRICATION All wafers used in these studies were grown in-house using a solid-source RIBER V100 Molecular Beam Epitaxy (MBE) system. The epitaxial profile of a typical 4" wafer (XMBE303) grown on a (100) GaAs semi-insulating substrate is shown in Table 1 .
The pseudomorphic high electron mobility transistor structure consists of a GaAs buffer layer, a channel/active layer of strained In 0. 15 a GaAs cap layer. The as-grown sheet carrier density and mobility values were obtained using Hall Effect measurements at room temperature and determined to be 1.57 × 10 12 cm −2 and 6447 cm 2 /V.s respectively.
The thicknesses of the spacer layer and the magnitude of the delta doped layer control the amount of charge trapped in the Quantum Well, n s and therefore, the current sensitivity of the Hall sensing element. As the sensitivity of the Hall element is inversely proportional to n s , and a very low n s would have an impact on noise performance (due to the resulting high resistance), a careful design was made to achieve both high sensitivity and low noise operation. The entire linear Hall Effect integrated circuit was fabricated using the six steps illustrated in Figure 1 .
The fabrication process was performed using traditional optical i-line lithography and metal lift-off. Hence, the device active layer or Mesa isolation was defined first by wetetching using the non-selective etchant Orthophosphoric acid (H 3 PO 4 :H 2 O:H 2 O 2 ) with a ratio 3:1:50. Thereafter, the Ohmic contacts were formed by the thermal evaporation of AuGe, Ni, followed by Au, which were then annealed at 420°C in a furnace, resulting in specific contact resistances (R C ) of < 1.6 × 10 −5 .mm 2 . Ti/Au was then deposited using thermal evaporation onto the pre-defined gate and bond pad regions. A 200 nm Si 3 N 4 dielectric layer was then deposited and vias opened using CF 4 gas. Finally, the bridge metals were deposited using the same process as the Gate and Bond pads.
III. HALL EFFECT SENSOR CHARACTERIZATION
The design of the pHEMT structure can easily be adapted to form Hall plates. Using this pHEMT-like structure, two Greek cross Hall structures, denoted as P2A and P15A, using AlGaAs/InGaAs/GaAs materials and having resolutions of 1 μT at DC and 100 nT at higher frequencies have been reported previously [17] . The design of the XMBE303 Hall sensors relied on the same principles as the designs of the P2A and P15A sensors, however with slightly different epilayers to also optimise the characteristics of the depletion mode PHEMT transistors when used in the integrated high gain amplifier circuits. Figure 2 illustrates the top view of the Hall Greek cross sensor used in the final linear integrated circuit.
The fabricated device was fully symmetrical and thus input and output resistances were the same (∼1750 ). The fabricated sensor had an (L/W) ratio of 3 with L = 60 μm and a sensitivity of 0.4 mV/mA.mT and was capable of detecting magnetic fields as low as 10 nT (with amplification of 40,000 using off-chip components). The characteristics of the Hall sensors are shown in Table 2 .
As shown in Figure 3 , a temperature coefficient of the Hall voltage (T C ) of approximately −0.08 %/°C was achieved from −40°C to approximately 200°C. The Hall sensor was shown to have a maximum DC offset of 0.35 mT at 1 V of input bias (measurements were conducted on 50 sensors over 28 runs), a value that is at least 20 times smaller compared with silicon Hall plates. However, since the integrated circuit is used in AC applications, this offset can easily be removed from the output signal using capacitor filtering.
IV. TRANSISTOR CHARACTERIZATION AND MODELING
To realise the integrated circuit, pseudomorphic High Electron Mobility Transistors (pHEMTs) using the same epitaxial layer profile as the Hall elements were fabricated and characterised. On Wafer DC and RF measurements were conducted on several devices with 2 μm gate length and various gate widths (10 μm to 400 μm). The 2 μm gate length allowed a simple, very high yielding fabrication process. A turn on and breakdown voltage of 0.8 V and −21 V, respectively, at a gate current of ±100 μA/mm were achieved. The high breakdown is the result of the high band gap of the supply layer, which leads to a high schottky barrier. This characteristic is excellent for designing circuits with minimal protection. The threshold voltage was determined to be −0.4 V from an extrapolation of the square root of I DS versus V GS curve. This latter value is ideal for the design of integrated circuits as the threshold voltage is negative and close to zero, which eliminates the need for a negative rail in the circuit design. The normalised maximum transconductance was 162 mS/mm at a Drain-Source voltage of 1 V, as shown in Figure 4 .
The high transconductance is useful in designing high gain amplifiers, and can specifically assist in achieving high overall sensitivities in the Hall integrated circuit. The maximum Drain-Source current corresponding to the maximum transconductance and Drain-source voltage of 1 V was as high as 95 mA/mm, as depicted in Figure 5 .
The output conductance corresponding to the range of 1 V to 2 V Drain-Source voltage and 0.3 V Gate-Source voltage was only 0.4 mS/mm. A low output conductance is vital when pHEMTs are used in circuits as all the transistors operate in their saturation regions. Due to the extremely low output conductance, the overall intrinsic gain was as high as 405.
Microwave S-parameters were measured on an Anritsu 37369A network analyser using on-wafer probing over the frequency range of 40 MHz to 40 GHz. The current-gain cut-off frequency ( f t ) and maximum oscillation frequency ( f max ) at the maximum transconductance and Drain-Source voltage of 1 V were 4.8 GHz and 18.2 GHz, respectively, ( Figure 6 ). Note that these values are comparable to 0.5 μm gate length NMOS in Silicon.
High cut off and maximum frequencies would allow designing integrated circuits with ample bandwidths. This specifically aids in enhancing current commercial Hall linear IC technology whose frequency bandwidth are at most a few 10 kHz.
The transistor parameters were extracted from non-linear modelling in Agilent's ICCAP and Advanced Design System (ADS) software. This software includes the EEHEMT model for the HEMTs [18] . Figures 7 and 8 illustrate the excellent fit between the simulated and measured current-voltage (I -V ) and RF characteristics of a single finger 50 μm pHEMT, respectively. 
V. AC LINEAR HALL EFFECT INTEGRATED CIRCUIT DESIGN
The linear Hall IC design was divided into 3 sub-circuits comprising the Hall Effect sensor, a current source and a differential amplifier. The top-level configuration of this IC is illustrated in Figure 9 . Each of these sub-circuits was designed and simulated individually, and they were then combined to form the complete GaAs-InGaAs-AlGaAs 2DEG linear Hall IC.
The current source circuit consisted of a single saturated pHEMT whose gate is connected to its source and two diodes (pHEMTs consisting of one schottky and one ohmic terminal). A transistor with a gate width of 40 μm and two diodes with width of 200 μm provided the 1 mA constant current to the Hall sensor. Figure 10 illustrates the circuit layout of the current source circuit. A resistor value of 1.75 k (R in of the XMBE303 Hall sensor) was used in order to represent the XMBE303 Hall sensor in the simulation.
As discussed previously, the fabricated pHEMTs drain-source current has shown excellent stability for the drain-source voltage range of 1 V to 3 V since the pHEMT output conductance for this range is very low (g 0 = 0.4 mS/mm). For this reason, two diodes with width of 200 μm (2 μm gate length) were used to decrease the supply voltage of 5 V down to about ∼2.3 V. This would provide 0.7 V of margin to ensure that process variations during lithography have the least possible effect on the generated current by the current source circuit. Over the number of runs this circuit was fabricated and tested, it showed excellent stability and reproducibility, with variations less than ±5% from circuit to circuit and run to run.
An open-loop differential amplifier was designed to amplify the output of the Hall sensor, so that ultra-low magnetic fields could be easily detected. The aim was to achieve the maximum gain possible from single stage amplification so that the overall IC power consumption and size could be reduced. The following points were considered as the objectives when designing this circuit:
1. A circuit with a gain of at least 1000 2. Operating frequencies larger than 10 kHz (the limit of silicon commercial Hall ICs due to offset cancellation spinning technique) 3. Power consumption below 10 mW Prior to the design of the differential amplifier circuit, there were two limitations (compared to CMOS technology) which had to be taken into account.
1. The major limitation in designing a differential amplifier using GaAs technology is the absence of complementary devices. Although it is possible to produce p-channel GaAs transistors, and use them in the same manner as PMOS transistors, this is not very practical in GaAs. This is mainly because the hole mobility of GaAs is poor [19] and the resulting cut-off frequency would be lower than silicon devices. 2. The second limitation is the absence of negative rail in the design. This was mainly to reduce one pin from the final packaged IC to make it compliant with Hall IC practice. Taking into account the points above and as shown in Figure 11 , the differential amplifier circuit consisted of a differential pair (P 1 and P 2 ), a saturated pair (P 3 and P 4 ) and a saturated (active load) transistor (P 5 ). The amplifier's power consumption at 5 V of supply was 5.4 mW (1.08 mA × 5 V). In the final IC, the Hall sensor's outputs would be connected to the differential pair P 1 and P 2 , with the four gate finger widths of 300 μm (1.2 mm width in total). The amplifier's output was taken from the drain of P 1 . If there was no AC magnetic field applied to the sensor, the Hall sensor's outputs is a DC value (as the supplied current to the sensor is DC) and would equally be:
where V CS is the voltage dropped across the transistor in the current source circuit. If an AC magnetic field was applied to the sensor, proportional to the strength of the magnetic field, an AC output would appear at the sensor's outputs. This signal would be amplified by the gain of the circuit and would appear at the amplifier's output. The gain of this circuit is determined by Equation 2 below. Where, Gm 1 is the transconductance of P 1 , R O is the parallel drain-source resistance of P 1 and P 3 (R DS1 || R DS3 ). As shown above, the overall gain of the amplifier is directly proportional to the transconductance of P 1 . For this reason transistors with large width (4×300 μm = 1.2 mm) were chosen for P 1 and P 2 in order to achieve a gain of over 1000. In addition, in order to achieve high R O , devices with a single finger of width 10 μm were selected for P 3 and P 4 . This circuit was simulated in ADS and showed to have an AC gain of 1333 (62.5 dB) and a bandwidth of around 200 kHz. Figure 12 illustrates the Bode plot of the amplifier circuit obtained in simulation.
Note that this amplifier has a DC offset of 2.75 V as no negative rail has been used. This offset can easily be removed using an external capacitor.
VI. FABRICATION OF LINEAR HALL EFFECT INTEGRATED CIRCUIT
The fabricated IC had overall dimensions of 0.65 mm × 0.9 mm. The final processed IC is shown in Figure 13 .
The overall integrated circuit's sensitivity was 533 mV/mT and was determined by the Hall Effect sensor's sensitivity (0.4 mV/mT biased at 1 mA) and the amplifier's gain of 1333. This is a factor of 10, 13 and 37 higher compared with the Allegro (A1324), Melexis (MLX90242) and Honeywell (SS39ET) [14] - [16] devices. In addition to providing very high sensitivity, this IC had a power consumption of only 10.4 mW. Despite being the most sensitive amongst all commercial silicon ICs investigated in this study, the power consumption of the Honeywell SS39ET IC is 30 mW (at 5 V supply), which is almost 3 times higher than the GaAs Hall IC reported here. The power consumption for the Allegro A1324 and Melexis MLX90242 ICs are 34.5 mW and 12.5 mW at 5 V supply, respectively. The reason for high power consumption of these silicon ICs is probably due to the use of complex circuitries for spinning current technique, circuit protection, signal buffering, offset and 1/f noise cancellation.
VII. LINEAR HALL EFFECT INTEGRATED CIRCUIT TESTING AND CHARACTERIZATION
In order to test the sensitivity of the IC, and especially its low field detectability, known small AC fields were generated using a Helmholtz coil. The Helmholtz coil consist of a pair of similar coils where the magnetic field is extremely uniform in the mid-plane between these two coils. The value of the generated field in a Helmholtz coil can be calculated as shown in Equation 3 .
where N is the number of turns of each coil, I is the driving current in the coil, μ o is the permeability of free space and R is the coil radius. In this work, a function generator was used to generate a constant AC current to a Helmholtz coil with 10 turns on each coil and 55 mm coil radius. From Equation 3, the magnetic field that is created in this coil is given by: B = I × 1.6 × 10 −7 T. As the generated magnetic field can be accurately determined and the overall sensitivity of the circuit is known (0.4 × amplifier's gain (at a specific frequency) nV/nT), the expected output of the integrated circuit, at a specific field, can be calculated. Measurements were carried out at a magnetic field of 250 nT over the frequency range of 1 to 200 kHz. Figure 14 illustrates the measurement versus the expected (calculated) results. Note that in all the measurements performed here, an external capacitor was used to remove the IC's output DC offset.
As can be seen, the measured output from the IC closely followed the calculated results verifying the experimental setup. This verifies that the generated current to the Hall sensor and the obtained gain from the amplifier are close to what was expected and achieved in the simulation. The increase in the measured signal after ∼100 kHz is due to the Faraday induced voltages picked up by the PCB in which the IC was mounted. According to Faraday's law, induced voltage is proportional to the rate of change of flux lines cutting the conductor, so it increases at higher frequencies. The base PCB was designed with such layout to reduce this pick-up, however, it is very difficult to fully remove such pick-ups, especially at higher frequencies.
Further measurements were then performed on this IC at magnetic fields of 2 μT, 1 μT, 0.5 μT and 0.25 μT (until the noise floor level of the circuit was reached) for the frequency range from 50 Hz to 200 kHz. The results from these measurements are depicted in Figure 15 . For magnetic fields less than 1 μT at frequencies below 500 Hz, the output could not be detected, due to the presence of 1/f noise.
The circuit was thus capable of detecting magnetic fields as low as 177 nT in the frequency range of 1 kHz to 200 kHz (at S/N = 2). This was determined in a measurement bandwidth of 10 Hz. Figure 16 shows the minimum detectable magnetic field at frequencies from 50 Hz to 200 kHz. The smallest detectable magnetic field is seen to increase at frequencies below 1 kHz due to 1/f noise and reaches 700 nT at 50 Hz. Table 3 summarises the key properties of the linear Hall IC. Figure 17 shows the results of field measurements on the commercial linear Hall ICs as compared to the GaAs Hall IC. All the measurements here were performed in a 10 Hz bandwidth. The performances at low frequencies become comparable in part due to the on-board noise cancellation circuitry that the silicon based sensors have in comparison to the InGaAs-GaAs-AlGaAs IC fabricated here. This technique was not employed as this would have made the circuitry complex and more power hungry. However, considerable improvements are expected if such circuit techniques were used. At high frequencies, the superiority of the III-V based circuit is seen in both resolution and bandwidth. The minimum detectability in Figure 17 is defined as the point where the amplitude of the signal is twice the noise (S/N = 2). The Honeywell SS39ET IC showed a lowest minimum field detectability at 652 nT. This detectability, in comparison with the GaAs IC, is higher by a factor of four. Furthermore, the high frequency performance of these silicon ICs are limited to 10 kHz (in the case of Honeywell and Allegro), whereas the reported GaAs 2DEG IC is capable of operating up to 200 kHz. The limitation of the operating frequency on these commercial ICs is largely a result of the on-board current spinning technique used to reduce the Hall element offset and 1/f noise. Such a technique limits the operating frequency range typically to 10 kHz because of the use of typical 100 kHz spinning frequency [2] , [20] , [21] . In addition, another limitation for Silicon Hall bandwidth is the output stage, which is required to work on 100 nF filter caps thereby limiting the maximum frequency. One also has to note that the advantage of high frequency operation can sometime be lost by eddy currents in the lead frame of conventional low cost packages. Table 4 compares the performances of the various Hall Effect linear ICs.
The GaAs 2DEG Hall IC is not only capable of detecting lower magnetic fields but also enhances the current technology in terms of operating frequency range and power consumption.
Whereas integrated Hall sensors based on ion implanted GaAs MESFET were reported earlier [13] , the 2DEG IC demonstrated here with their more complex epitaxial structure permit much higher mobilities than ion implanted GaAs (because of the pseudomorphic InGaAs channel layer) leading to higher sensitivities and lower offsets. Furthermore, the large band gap barrier material (AlGaAs) helps in ensuring operations at higher temperatures too. The pHEMT transistors based on the structures also lead to very high gain transistors because of the much reduced output conductance compared with the ion implanted GaAs MESFETS [13] . The combination of all these properties resulted in a Hall IC that looks promising for a range of applications.
However, in order to have a product which is ready to enter the market, the IC will still need to be fully characterised in terms of thermal stability, operating temperature range and linearity.
VIII. CONCLUSION
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